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論 文 内 容 要 旨
  The standing accretion shock instability (SASI) for core-collapse supernovae was studied, performing 
three-dimensional  hydrodynamics simulations in order to  clarify the explosion mechanism and associate the 
SASI with observable phenomena. Supernova explosions are considered to be aspherical, and the 
asphericity is important to realize the explosions. The SASI is one of multi-dimensional effects such as 
magnetic fields, rotation, and hydrodynamical  instability. In the present study, the roles of the SASI to play 
on the explosion and the incidental phenomena were investigated. 
 ZEUS-MP/2 code based on the finite difference method with staggered mesh was used with  modified for 
 core-collapse supernova simulation. Taking into account a realistic equation of state and neutrino 
heating/cooling, a spherically symmetric and steady accretion flow through a standing shock wave onto a 
proto-neutron star (PNS) was prepared. This unperturbed model was supposed to represent the typical 
post-bounce phase of core-collapse supernovae. Moreover, the tensor-type artificial viscosity was newly 
installed instead of von Neumann &  Richtmyer artificial viscosity to capture the shock wave without 
numerical  instability. 
 Using the developed code, the characteristics of SASI for non-rotational models were investigated. A small 
perturbation  (-1%) was added to the radial velocity of the unperturbed flow, the ensuing evolutions were 
computed. Mode analysis was implemented for the non-spherical deformation of the shock surface using the 
spherical harmonics  in space. The results of  1  1,  /-/-0 and perturbations indicated that the growth 
rates of SASI are degenerate with respect to  m, just as expected for a spherically symmetric background,
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where  /  and m are the polar and azimuthal indexes of the spherical harmonics  Ym, respectively. Nonlinear 
mode couplings produce only  m=0 modes for the axisymmetric  m=0 perturbations, whereas  m#0 modes 
are generated in the  non-axisymmetric  11,  m=1 perturbations according to the selection rule for the 
quadratic couplings. The nonlinear saturation level of each mode is lower in general for a randomly 
perturbed non-axisymmetric flow than for an axisymmetric flow, because kinetic energy of fluid is divided 
into a larger number of modes in the nonlinear phase. Although these features are common to the models 
with and without a shock revival at the end of simulation, the dominance of low  /modes is more remarkable 
in the models with a shock revival. 
 Next, the effects of rotation on SASI were studied in both linear phase and nonlinear phase. Initially, 
rotations with various perturbations were introduced from  outer boundary of an unperturbed accreting flow 
to investigate the linear growth of rotational SASI. The specific angular momentum was assumed to agree 
with recent  stellar evolution models. It was found that one or two armed spiral accreting flow onto the PNS 
was formed inside the shock wave depending on perturbations. The linear growth of spiral modes were 
clearly diagnosed by the mode analysis of the shock surface, and the lower m modes grow quickly in the 
linear regime. Furthermore, the growth rates of rotational SASI were larger than those of non-rotational one. 
That is consistent with the analytical study of SASI using perturbative linear analysis. lb examine the 
features of SASI in nonlinear phase, uniform rotation was imposed on the axisymmetric or 
 non-axisymmetric flow in nonlinear phase. Using spherical harmonics in space and Fourier decompositions 
in time, mode analyses of the non-spherical deformed shock wave were performed. If the flow does not rotate, 
only sloshing modes exist in an axisymmetric  flow. On the other hand, both sloshing and spiral modes could 
exist in a non-axisymmetric  flow. Rotation imposed on the  axisymmetric flow did not make any spiral modes 
and  hardly affected sloshing modes, except for steady  12,  m=0 modes. In contrast, rotation imposed on the 
non-axisymmetric flow increased the amplitude of spiral modes especially in the progressive direction so 
that some spiral flows accreting on the PNS were more dearly formed inside the shock wave than without 
rotation. 
 Finally, the translational (kick) velocity and the angular (spin) velocity of the PNS originating from a 
convective flow induced by nonlinear SASI were examined. For the axisymmetric models, sloshing modes 
 generate the translational velocity of the PNS in the direction of the symmetric axis. Rotation whose axis 
 corresponds to the symmetric axis does not affect on the translational velocity of the PNS when only 
 axisymmetric sloshing  m=0 modes exist in the  flow. On the other hand,  non-axisymmetric spiral  m#0 
modes generate the translational velocity in the direction on the equatorial plane. The faster rotation is 
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imposed the faster translational velocity tends to be obtained. The correlation of the directions between kick 
and spin of PNS are summarized as follows. The direction of the translational velocity is aligned with the 
rotation axis when the axisymmetric sloshing modes with respect to rotation axis dominate. There  is no 
correlation between the direction of the velocity and the rotation axis if all modes are developed in the  same 
level. The directions of the velocity  and the spin axis of the PNS are out of alignment about 90° when the 
spiral modes of the same direction as rotation dominate. 
 In this study, the spherical shock instability for core-collapse supernovae was investigated with 
three-dimensional simulation. Modifying the ZEUS-MP/2 code to perform the supernova simulation, it  is 
found that the tensor type artificial  viscosity constituting a traceless tensor is effective to capture  strong 
shock waves without any numerical  instability. The  finding might be useful information for the building of 
shock capturing scheme not to induce the carbuncle  instability. By used the modified numerical code, it is 
demonstrated that the three-dimensional SASI could stimulate explosions as the two-dimensional SASI, 
that is, the three-dimensional SASI must play an important role in the explosion mechanism. Furthermore, 
it is found that the three-dimensional SASI could give the momentum and angular momentum on the PNS. 




爆轟波等の衝撃波 を伴 う爆発的現象では,非定常な波面の形状変化に応 じて背後の化学反応や 混合速
度が決定付け られ,衝 撃波の進行速度や持続的形成に影響する。 したがって衝撃波面の動的特性,特 に
不安定性について理解 を深めることは,燃 焼工学や爆風波等の非定常衝撃波を利用 した応用技術 におい
て重要な課題 となる。本研究は,近 年,重 力崩壊型超新星において存在が指摘 されている,球状降着定
在衝撃波の不安定性について数値計算によ り調べたものであり,三次元流れ場における不安定性 の基本
的性質を擾乱成長の詳細なモー ド解析 によって明 らかにした上で,不安定性に より発達 した流れ場がニ
ュー トリノの輻射加熱 を促す ことで爆発を誘起する可能性や,観測可能な天体現象への影響について評
価している。本論文はこれ らの成果 をまとめたものであり,全編6章 か らなる。
第1章は緒論であり,本研究の背景,目 的および構成を述べている。
第2章では,超 新星爆発における流体力学的現象を解析す るための数値計算 コー ドの開発について記
述してお り,宇宙流体現象の解析に実績のある三次元圧縮性流体コー ドZEUS'MP/2に相対論的平均場
に基づく現実的な状態方程式や,ニ ュー トリノの放射 ・吸収に伴 う効果を導入 し,重力崩壊後に形成 さ
れる球状定在降着衝撃波を再現することに成功 している。また,新 たにテン ソル型人工粘性を導入す る
ことで強い定在衝撃波の安定な数値解が得 られることを示 している。これは,球 状衝撃波の数値シ ミュ
レー ションを行 う上において有効かつ有益な成果である。
第3章では,定 在降着衝撃波の球対称理論解に微小擾乱を与え,線形成長や非線形発展を三次元数値
計算をもとにモー ド解析 し,さらにニュー トリノ加熱に及ぼす影響を調べてい る。軸対称モー ドに加 え,
非軸対称な擾乱を与えることで,流れ場 の三次元性 によって非軸対称モー ドへのエネルギー分配 が起 こ
り,軸対称計算 と比較 してモー ド振幅が減少す ることを明 らかにしている。また,そ れに伴 うニュー ト
リノ加熱の変化についても調べ,軸 対称計算 に比べて加熱率の変動が小 さいものの同程度の加熱率上昇
が見られることを示 している。この結果は不安定性が超新星爆発 に寄与することを示 してお り,爆発 メ
カニズムの解明にっながる重要な知見である。
第4章では,定在降着衝撃波不安定性における回転流の影響を線形段階および非線形段階においてそ
れぞれ調べ,超 新星が回転 している場合 に不安定性によって形成 される流れ場に顕著に現れるスパイラ
ルモー ドにっいて,有 効なモー ド解析手法 を提案 して解析 を行っている。非線形段階においては回転方
向のスパイラルモー ドが卓越 していることを,提案 したモー ド解析手法によって明らかにしている。 こ
れらの結果は,不 安定性のモー ド選択性の新 しい特性を示 しているだけでな く,球状衝撃波の有効な解
析手法を提案す る有益な成果である。
第5章では,不 安定性に起因す る非定常な流れ場が中心の原始中性子星に与える運動量や角運動量を
調べ,観測事実 として得 られている中性子星の移動方向と自転軸 との相関を説明 しようとす る試みにつ
いて述べている。軸対称モー ドによって誘起 される流れ場では,観 測結果 と同様に移動方向 と回転方向
は一致するが,非軸対称モー ドでは移動方向と回転方向は垂直に近 くなることを明 らかに してい る。 こ




明らかにするとともに,非線形飽和により発達 した流れ場か らの輻射加熱が衝撃波 を再加速する可能性
を示した非定常衝撃波理論の新たな展開を与えており,航空宇宙工学および流体工学の発展 に寄与す る
ところが少なくない。
よつて,本論文は博士(工学)の学位論文 として合格 と認める。
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